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Abstract 
In this note we describe the mandate, mission and 
achievements of the Magnet Evaluation Board during its 
activities in 2004 and early 2005. The main work was at 
preparing the tools for magnet acceptance and allocation 
in the ring, while at the same time filling the slots for 
sector 7-8 in accordance with hardware constraints, 
magnet performance constraints, and optimization of the 
installation sequence. The main result of this work is that 
through proper sorting of the dipole magnets and short 
straight sections we have managed to guard against the 
loss of performance that could have resulted from blind 
installation. 
 
THE MAGNET EVALUATION BOARD 
The Magnet Evaluation Board (MEB) is a body whose 
mandate is to:  
 
• assess the suitability of each magnet produced for the 
LHC accelerator, based mainly on the information 
from its Manufacturing and Test Folder (MTF); 
• optimize the installation and tunnel location of the 
magnets in the LHC accelerator based on the magnet 
performance (principally powering, geometry and 
field quality issues); 
• request competent bodies (Groups and/or Working 
Groups), to study and produce recommendations on 
specific issues related to installation strategy. 
 
The MEB has executive power within the scope of its 
mandate, reports directly to the LHC Project Leader and 
informs the Main Ring Committee (MARIC) and the 
LHC Technical Committee (LTC). Its activities started in 
May 2002. The first twelve months of its activity were 
spent in assessing the needs and tools required for an 
efficient operation, and defining responsibilities and roles 
of the members. It now counts 15 members from the AT, 
AB and TS departments [1] that participate actively in the 
discussion on magnet features and performance and in the 
assignment of tunnel slots. In practice, the mission of the 
MEB is to:  
 
• find suitable tunnel slots for the available magnets 
that perform better as specified, as specified or out-
of-tolerance 
• preserve and (if possible) optimize the machine 
performance 
• include provisions to face day-to-day requirements 
(faults during processing the magnets) 
• follow the planned installation schedule with a 
suitable flow of allocated magnets 
MEB TOOLS 
The tools used are largely based on the MTF, which 
contains the hardware description, equipment data, non-
conformity reports, and a summary of the magnet 
performance that is conventionally dubbed “ID card”. An 
example of an ID card is shown in Figure 1. It reports data 
on magnet powering, geometry, field quality, main non-
conformities and specificities, and statistics on arrival, test 
and slot allocation. While the hardware data is stored in 
the MTF, geometry and field quality data are recovered 
from views to two databases [1a]. [1b] that provide access 
to a summary of the large amount of information 
measured, analysed and stored. The data is further 
condensed in a MEB report that groups batches of 
magnets as they are prepared for discussion at each MEB 
session. 
 
The definition of working tools and procedures was a 
major milestone in understanding what are the important 
features for installation and operation of the magnets. 
Approximately one year was required to define, 
implement and trim this set of working and adapted tools. 
This investment pays off today, as the same system is 
being used for the arc SSS’s, and is planned to be adapted 
for the other magnets series that require approval.  
 
Figure 1. ID card of MB-1011. 
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THE CASE OF MB APPROVAL 
To date, the main part of the work has focussed on the 
main bending dipoles (MB), both because of their 
importance in achieving the LHC performance (energy, 
aperture, field quality), and because the accumulated 
stock allowed sorting at the level of a sector. As this paper 
is written, approximately one complete sector (7-8) and 
half of a second sector (8-1) are allocated.  
 
This process was achieved classifying MB’s according 
to their geometry, quench performance and field quality. 
Magnets have been assigned to tunnel slots according to 
their classification and following the installation 
algorithm defined in [2], [3]. The classes are defined in 
the following sections. 
 
Geometry classes 
Three classes are defined, based on the geometric 
tolerance derived from the variation of the beam size 
along the cell [3a], [3b]. A magnet falls in a geometry 
class when its shape falls in one of the following contours. 
 
• Mid-cell:, geometry falling in the racetrack with 
radius r=3.1 mm and gap g=0.8 mm*; 
• Silver: geometry falling in the racetrack with radius 
r=0.75 mm and gap g=0.8 mm, which corresponds 
approximately to the nominal manufacturing 
tolerances; 
• Golden: geometry falling in the rectangle with height 
h=0.5 mm and width g=0.8 mm.  
 
Figure 2 reports the contours (to scale) for the three 
classes. Golden magnets are reserved to the dispersion 
suppressor cells, mid-cell magnets can be fit only in mid-
cell locations in the lattice, and silver magnets can be 
placed in all regular cells. Although in principle all 
magnets should have at least silver quality, in practice a 
considerable percentage of magnets is out of tolerance and 
falls in the mid-cell category.  
 
Advantage is usually taken of the fact that the beam 
size changes inside the cell from a maximum close to a 
quadrupole, to the minimum at the mid-cell location. This 
is done defining the additional classes silver-right (a MB 
that can fit to a quadrupole on the r.h.s.), silver-left (a MB 
that can fit to a quadrupole on the l.h.s.) and silver-right-
left (a MB that can fit a quadrupole both on the r.h.s. and 
the l.h.s.). 
 
A bare count gives a total of 20 golden magnets (critical 
DS locations), 47 mid-cell magnets and 87 silver magnets 
in an LHC sector, evenly split among type A and B (with 
or without octupole/decapole spool piece). In practice, the 
other constraints considered in the tunnel slot allocation 
                                                 
* The boundary of the racetrack shape is defined by two half circles with 
radius r whose centers are on a horizontal line and are spaced by a gap 
2g, connected by straight horizontal lines of length 2g. 
described below impose additional flexibility. This results 
in an upper limit of about 10 (type A) + 10 (type B) mid-
cell magnets in an octant, at least 10 (type A) + 10 (type 
B) golden magnets and around 110 silver magnets evenly 
split among type A and B, of which not more than 25 
silver-right and 25 silver-left magnets. 
 
Field quality classes 
Four classes are defined, based on measured field 
quality vs. beam physics-based specifications [4]. The 
classification is applied to each multipole component, and 
the ranges for the class definition, and the examples for 
bounds on b1, a2 and b3, are the following: 
 
• Green: field error within expected range of 
systematic (e.g. |b1| ≤ 9.8, |a1| ≤ 9.8, |a2| ≤ 0.9, |b3| ≤ 
3 at collision); 
• Yellow: field error within 1 σ of the expected range of 
systematic (e.g. 9.8 < |b1| ≤ 14.5, 9.8 < |a1| ≤ 14.5, 
0.9 < |a2| ≤ 1.9, 3 < |b3| ≤ 4.8 at collision); 
• Red: field error within 3 σ of the expected range of 
systematic (e.g. 14.5 < |b1| ≤ 30.5, 14.5 < |a1| ≤ 30.5, 
1.9 < |a2| ≤ 5.7, 4.8 < |b3| ≤ 8.4 at collision); 
• Blue: field error at more than 3 σ of the expected 
range of systematic (e.g. 30.5 < |b1|, 30.5 < |a1|, 5.7 < 
|a2|, 8.4 < |b3| at collision). 
 
Green magnets can be placed anywhere, and the slot 
can be assigned blindly. Yellow magnets are good 
candidates for direct slot assignment provided the actual 
running average is checked within bounds. Before 
assigning slots to red magnets we require that the running 
average is within bounds and, possibly, compensation by 
sorting. Blue magnets are marginalized and slot 
assignment can only take place with sorting.  
 
A fact to be remarked is that presently, about 20 % of 
 
Figure 2. Contours defining the geometry classes (to 
scale). 
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the dipoles and SSS are cold measured, the classification 
is mainly based on warm measurements taken in industry 
and warm-cold extrapolation. 
Quench performance classes 
The quench performance is classified based on training 
during cold test and electrical properties as follows: 
 
• Golden: electrically sound magnets that reach 9 T 
without quenching within 3 ramps (these are bonus 
magnets according to production specifications); 
• Silver-plus: electrically sound magnets that reach 
8.75 T without quenching within 2 ramps, but reach 9 
T without quenching only after the third ramp; 
• Silver: electrically sound magnets that reach 9 T 
without quenching within 9 ramps, or reach 8.4 T 
without quenching within 2 ramps, or reach 8.4 T 
without quenching at the first ramp after thermal 
cycle, or reach 8.6 T without quenching within 2 
ramps after thermal cycle; 
• Reserve: magnets whose training is either worse than 
specified above, but the magnet is deemed acceptable 
for LHC operation, or having a training that falls in 
one of the above training classes, but showing 
significant detraining, or high splice resistance, or 
reduced short-sample at 4.5 K. 
 
Golden and silver-plus magnets are expected to be less 
prone to de-training, and should be preferably placed in 
tunnel locations where the heat load is more severe. The 
rationale is that even in case of quench, the performance 
at the following ramp will not be affected. Reserve 
magnets are more prone to performance degradation, and 
should be preferably placed in locations where heat and 
radiation loads are reduced. 
 
At the moment this should be regarded as a working 
hypothesis. The reasons for this caveat are two: on one 
side the relation between test training and detraining is not 
formally established, and on the other end the hot 
locations are identified only based on general reasoning 
on aperture. More work is hence needed to complete the 
criteria described above [5]. 
 
Other constraints 
Constraints from installation are naturally generated by 
the hardware variants of the dipoles as they are produced. 
The four dipole cold mass types (combinations of type A 
or B, with or without MCDO spool piece, and diode type 
R or L) are specialised in 32 type of arc-dipoles with 
differences in the beam screen and the preparation of the 
electric and hydraulic interconnects. The MEB work takes 
place before the arc-dipole type is decided, so that there is 
a relatively ample freedom for allocation. 
 
Non-conformities, mostly related to mechanical out-of-
tolerance and electrical characteristics, are generally dealt 
with prior to the presentation at MEB and are either 
closed at the moment of discussion, or the action is 
defined following a known and validated procedure. The 
principle followed in this case is that non-conformities are 
under the responsibility of the hardware responsibles and 
cannot be resolved by sorting in the tunnel. Nonetheless, a 
critical review of non-conformities is done on each 
magnet discussed, as a final step in the verification that all 
pending cases are (or can be) closed. 
 
A single exception to the above rule is a faulty 
temperature sensor in the dipole cold mass. This 
exception was necessary to cope with the excessive 
number of sensor failures at the beginning of the 
production. Whether a dipole with faulty temperature 
sensor can be placed in a given tunnel location, depends 
on the proximity of helium inlet/outlet and the slope of 
the tunnel. To have a maximum of margin against further 
failures, the guidelines also anticipate on the possibility of 
having a faulty temperature sensor in an arc quadrupole. 
This additional precaution is justified by the fact that the 
slot allocation of arc quadrupoles takes place much later 
than the allocation of dipoles, and hence the status of the 
instrumentation within an arc cell is not yet known. For 
the time being, the fraction of cryodipoles featuring a 
faulty temperature sensor is about 5 %, i.e. low enough to 
avoid serious problems of clashes with the other criteria. 
 
The installation algorithm 
The algorithm used for the allocation of slots is the one 
proposed in [2] and [3]. Its logic, in the present use, can 
be spelled out as follows: 
 
• the background task is to form pairs of magnets that 
compensate deviations of field errors from average in 
the sector (compensated by the correctors) to 
minimise the effect of the random field errors; 
• exception rules (by priority) are the following: 
 
o satisfy hardware type constraints (diode direction, 
spool piece type); 
o no more than one magnet with defective 
temperature sensor per cell, in locations that can 
be accepted by the cryogenic control; 
o magnets with reserve quench performance class 
(i.e. with marginal or out-of-tolerance electrical 
performance) in mid-cell locations; 
o magnets with mid-cell, silver-right and silver-left 
geometry class (i.e. with out-of-tolerance 
geometry) in corresponding locations in arc cells 
(mid-cell, right or left of a MQ); 
o magnets with golden geometry class to critical 
slots in the dispersion suppressor cells; 
o magnets with golden or silver-plus quench 
performance class in priority to dispersion 
suppressor cells (silver magnets are used if the 
two above classes are not available); 
o not more than 3 magnets in a cell with out-of-
tolerance b1 and/or a1. 
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The result of MEB work 
At the start of the activities we were confronted with a 
very heterogeneous and difficult mix of properties and 
performances associated with the variations of the initial 
production of MB. This situation is now somewhat 
stabilised, but meeting the tight tolerances established for 
alignment, field quality and quench level remains a major 
challenge. This is shown in the following Fig. 3 and in 
Tab. 1 that report in summary the main quality indicators 
for the magnets allocated to sectors 7-8 and 8-1.  
 
Figure 3 shows the maximum horizontal and vertical 
distance from the theoretical shape as measured during 
the last control step, either in industry (ITP20), or at 
CERN (WP08x). The actual split is reported numerically 
in Tab. 1. It is evident from this plot that there is a large 
fraction of magnets that exceed the production tolerance, 
roughly between a third (sector 81) and a half (sector 78) 
of the dipoles allocated. If blindly installed this would 
lead to a loss of mechanical aperture estimated (from the 
data in Fig. 3) to be in the range of 1.5 mm. This is indeed 
the main justification for sorting magnets according to 
their geometry. 
 
Table 2 reports the running standard deviations of the 
normal dipole, skew quadrupole and normal sextupole 
errors at nominal field (injection conditions are 
comparable). While the situation for b1 is relatively safe, 
the spread of a2 and b3 in sector 7-8 required sorting to 
prevent a loss of dynamic aperture estimated around 1 σ, 
scaling from the result of the tracking simulations 
reported in [3]. 
 
The situation with quench classes is somewhat more 
comfortable, as among the magnets allocated in the two 
sectors 7-8 and 8-1, approximately 45 % are classified as 
golden or silver-plus, while the remaining 55 % is silver. 
The percentage of reserve magnets is 1 to 2 %, and so far 
does not affect significantly slot allocation. To be noted, 
however, that the work associated with the verification 
and closing of non-conformities of electrical origin is 
obviously of paramount importance and time consuming. 
 
OTHER CLASSES OF MAGNETS 
Short Straight Sections  
The second class of magnets, in terms of quantity, is 
that of arc quadrupoles. For these elements the situation is 
rather different with respect to cryodipoles. Each SSS is 
built in industry with a much larger number of variants 
(60) than for the dipoles. Such variants depend on the type 
of corrects inside the SSS, e.g. chromatic sextupoles, 
skew sextupoles, trim quadrupole, skew quadrupole 
correctors, as well as other hardware details. This fact 
makes sorting rather difficult. Furthermore, differently 
with respect to the cryodipoles, all the arc quadrupoles 
locations are equivalent in terms of optical conditions. 
Therefore, the mechanical aperture cannot be improved by 
changing the location of a given SSS: the only way to 
optimise the available mechanical aperture is to install the 
SSS applying an appropriate shift. 
 
The working procedure is based as far as possible on 
the same tools and procedures developed for the dipoles, 
and described earlier. A set of magnets is selected for 
installation in a given sector based on warm magnetic 
measurements. The hardware constraints together with the 
requirement of minimising the beta-beating are the two 
criteria used to generate the correspondence between SSS 
and slot. Once the non-conformities are closed, or a 
closing procedure is clear and agreed, the ID-card is 
generated and used for the discussion of the SSS at the 
 
Figure 3. Scatter plot of the maximum horizontal and 
vertical distance from the theoretical shape, for the 
magnets allocated to date in sectors 7-8 and 8-1. The 
boundary of the geometric classes are superposed for 
comparison. 
 Sector 7-8 Sector 8-1 
Golden 19 7 
Silver + SilverLR 59 46 
SilverR + SilverL 41 16 
Mid-cell 28 18 
 
Table 1. Split among the various geometry classes  for the 
dipoles allocated to date in sectors 7-8 and 8-1. 
 
 
 Sector 7-8 Sector 8-1 
b1 6.0 4.7 
a2 1.2 0.8 
b3 1.7 1.3 
 
Table 2. Standard deviation of the main field errors at 
nominal conditions in the dipoles allocated to date in 
sectors 7-8 and 8-1, reported in [units @ 17 mm]. 
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Board, where the various aspects of electrical 
performance, geometry, and field quality are reviewed. In 
case of positive outcome of the discussion, the slot is 
confirmed and an installation shift is given. The SSS is 
then freed for the preparatory work before installation or 
storage. 
 
It is worth mentioning that the procedures for SSS are 
in a less advanced state than those developed for the main 
dipoles. However, in spite of these difficulties, the pre-
allocation of the first two sectors, i.e. sector 7-8 and sector 
8-1, is nearly completed, and the final approval of SSS is 
expected to start soon. 
 
Cold separation dipoles (D1 and D2) 
Among the set of magnets built in the US, the cold 
separation dipoles D1 and D2 have been already 
considered by MEB. The cold D1 are installed in IR2 and 
IR8, while the cold D2 are installed in all the 
experimental insertions. They are all built at BNL, and 
feature a RHIC-like design. Following the meeting of the 
US-LHC Acceptance Board, MEB considers the available 
data and give the green light for shipment. Then, once the 
magnet is at CERN, geometrical measurements are 
performed, which, together with the magnetic data (from 
warm and, sometimes, also cold measurements), 
constitute the key information for slot allocation. Also in 
this case, a pre-allocation based on warm magnetic data 
available well before the magnet is shipped to CERN is 
made [6] , [7]. The final confirmation of the slot is made 
at the MEB, based on the whole set of data reported in the 
magnet ID-card. Presently, all the four D1 magnets have 
been accepted and have a slot allocated as well as six out 
of the eight D2s. 
 
Other superconducting magnets 
Among the superconducting magnets that have not been 
discussed at the MEB, there are crucial elements, such as 
MQM and MQY quadrupoles, low-beta triplet magnets 
MQXA and MQXB, the MQTL quadrupoles and the other 
cold separation dipoles D3 and D4. While the MQM and 
MQY are assembled in-house, the triplet quadrupoles and 
the separation dipoles are built in the US and in Japan. 
Field quality is particularly critical for MQM, MQY [8], 
[9] and MQX-like quadrupoles. Also, due to the large 
values of the beta-function, the mechanical aperture is an 
issue. As far as the cold separation dipoles D3 and D4 are 
concerned, the mechanical aperture is indeed rather tight. 
The field quality is slightly less a source of concern than 
for the other magnets, although the value of the beta-
function is large especially at D4 locations. Hence, thus 
care is still required in verifying that the as-built magnets 
do not affect the dynamic aperture. The acceptance 
procedure for the quadrupole magnets still needs to be 
finalised, while the separation diupoles will follow the 
same procedure as the D1’s and D2’s. 
 
Warm magnets 
This class comprises both dipoles, the warm D1s to be 
installed in IR1 and IR5, as well as quadrupoles, the 
MQW to be installed in the cleaning insertions IR3 and 
IR7. By definition the issues are completely different with 
respect to those encountered with superconducting 
magnets. Mechanical aperture as well as transfer function 
accuracy is an issue for these magnets, while field quality 
is not so crucial, apart from the case of MQW, which 
feature strong influence between the two aperture 
inducing rather strong non-allowed multipolar 
components. For these magnets the strategy for MEB 
work will be defined in the coming months. 
 
OUTLOOK 
The slot allocation has proceeded in 2004 at a rate that 
was not pressed by installation demands. This is changing 
at present [10], and we are adapting the allocation 
mechanism in accordance. In particular, the work of 
allocation is performed now in batches of pre-selected 
magnets using mostly industry measurements of the 
geometry and the field and the expectation of conforming 
magnets. This is made possible by the presence of a 
significant stock of magnets at CERN, already cold tested 
(around 450). However, as shown in Fig. 4, we will soon 
exhaust this stock (mid 2005). At this moment, having 
completed three octants, the working space for sorting 
will be minimal. At this point not only the allocation will 
be forcibly slower, but it will be extremely difficult to 
react effectively to cases of out-of-tolerance and limited 
performance. In this sense it is very important to build 
margin now that a sorting is still feasible, to use it at a 
later stage, when sorting will no longer be possible. 
 
 
Figure 4. Profile of magnet delivery to CERN 
(approximate) and magnet cold test (approximate) as 
compared to the magnet requirements for installation and 
the allocated dipoles in tunnel slots in 2004 and the first 
months of 2005. 
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CONCLUSIONS 
As a summary of the work performed so far, we have 
produced a sequence of magnets for the two first sectors 
of the LHC that is compatible with the expected 
performance, guarding against a loss of mechanical 
aperture estimated at 1.5 mm, a loss of dynamic aperture 
estimated at 1 σ, and an increase of beta-beating by 3 to 
4 %, as would be resulted if no installation strategy were 
used. This can be considered as a direct added value of 
MEB, in addition to the systematic, but much less 
glamorous work, of making sure that all magnets installed 
in the tunnel do conform with the hardware specifications 
that pertain to their function. 
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